Abstract-We have performed transport measurements in magnetic fields (H//c) up to 1OT on a series of YBa2Cu307 grain boundaries induced by epitaxial growth on a substrate containing a series of step edges. For this material we find an activation energy which goes as U(T)-(1-t). Electric field versus current density curves taken at a constant temperature while varying the magnetic field allows a determination of the magnetic field dependence of the activation energy using the Ambagaokar-Halperin model. These values agree with results extracted from the resistive transitions. Similar characterizations of a sample of T1Ba2Ca2Cu30x are also presented. The temperature dependence of the activation energy for this system may be summarized as U(T)-( l-t)2, suggesting that the grain boundaries behave as SNS juctions.
I. INTRODUCTION
Large scale applications of high-temperature superconductors (HTS) for current transport and magnetic applications necessitate the use of polycrystalline materials. Processes suitable for large scale production which could possibly render the resulting bulk material textured have been investigated [ 1, 2] . These studies have yielded optimistic results regarding the usefulness of textured materials at low temperatures for applications, particularly for HTS containing bismuth. For this reason, it is very important to understand the types of grain boundaries that play a detrimental role in the dissipationless conduction process. Recently there has been a large body of research directed at investigating these properties.
The first work was performed on YBa2Cu307 (Y-123) films grown on bi-crystal substrates by Dimos and coworkers [3] . These results indicated that all high-angle-grain-boundaries (HAGB) behave the same, as weak-links with Josephsonjunction-like properties. This has been exploited for electronic device fabrication [4] . In fact, much of the work which has followed these initial investigations has been geared toward device fabrication. There has not yet been a high field, systematic study of a well defined grain boundary or system of grain boundaries. The T1-1223 sample was grow thallium free precursor film which was deposited using a film W=Q then annealed in a thallium vapor pressure could be controlled. The resulting films are phase pure, highly textured T1-1223. The sample studied here is a film with a typical thickness of 2.7pm. The average grain size is roughly 1-5pm as determined from scanning electron microscopy. measurements were performed using a Keithley 224 digitial current supply and a Keithley 182 digital sensitive voltmeter, typically capable of measuring voltage levels around 20-30 nV. Temperature control in these measurements was stable to less than 30 mK. Electrical contact was made to the materials using sputtered gold pads and pressed indium contacts. In order to verify the textured microstructure and to determine the types of grain boundaries present in materials grown in this manner, TEM studies were initiated. Figure 2 shows a TEM image of a few typical grain boundaries in a section of the textured T1-1223 thick film. From this micrograph, we can observe several different grain boundaries. At the point labeled A, the lattice fringes abruptly discontinue at the interface with the adjacent grain. The point denoted as B in the graph shows a very low angle grain boundary (LAGB). This demonstrates that the sample consists of a distribution of grain boundaries, both high and low angle. Since different types of grain boundaries exist in series and in parallel, it is expected that at small current densities, the current path will consist of LAGB with the strongest superconducting properties. However, there could exist regions where a single or series of HAGB extend across a large portion of or the entire conducting path. At zero field, the HAGB may be good superconductors. But as the magnetic field is increased, the critical current density is expected to decrease significantly.
EXPERIMENTS
We report electrical transport measurements using the standard four probe technique. The temperature was controlled in a standard gas-flow type cryostat using a calibrated carbonglass resistive thermometer and a metal film heater in a cold bore superconducting solenoid capable of reaching fields of 12 T. The resistance of the thermometer was corrected for magnetoresistive effects. The AC resistive transition measurements were performed using standard lock-in detection techniques and the current density used in the measurements was 3.3A/cm2. The DC electric-field vs. current denstiy (E-J) 
IV. RESULTS

A. Y-I23
Step Edge Samples Figure 3A is a plot of the resistive transition for the polycrystalline Y-123 sample grown with well defined [lo01 tilt grain boundaries. This data is closely fit to the activation model with a temperature dependence of Uo(T)-(l-t) which is valid for a material with SIS junctions. These fits are also shown on the same plot. At low temperatures and current densities, it is assumed that the dissipation is from the junction with the weakest superconducting properties. Figure 3B is a plot of a family of E-J curves at 70K for the Y-123 sample. At larger current levels, one can observe the negative curvature observed for materials with much larger critical current densities. At lower temperatures, a family of E-J curves generated in the same way, show only negative curvature. In what follows we will try to understand this behavior and compare it to the results for the resistive transitions. Figure 4A shows the resistive transition for T1-1223 on a semi-log plot vs. inverse temperature. Also shown on the plot are fits using an activation model, p-poexp(-Uo(T)/kgT), where U,(T)-(1-t)2 which is valid if the grain boundaries behave as SNS junctions [ 101. Often, in a polycrystalline system, a double transition is observed, one attributed to the intragranular material and one attributed to the intergranular coupling. Notice that there are not two well defined resistive transitions for this sample. This indicates that the grain boundaries are dominating the resistivity of the system. This temperature dependence of the activation energy is very similar to that observed for polycrystalline Tl-2212 thin films [lo] . Figure 4B shows a family of E-J curves at 40 K for the Tl-1223 sample. Here we can observe an effect which may be directly attributed to HAGB. At small applied fields and large current densities, the E-J curves shift very noticeably as the field is increased. However, at slightly higher fields, the critical current density, as defined by an electric field criterion, is nearly magnetic field independent. The field independence extends from 1T to 4T at this temperature. Also notice that at this temperature, there always exists negative curvature in the E-J plot when viewed on a log-log scale.
B . T1Ba2Ca2Cu3Ox Thick Film
V. DISCUSSION
The data in Fig. 3B are reminiscent of data generated from the Ambegaokar-Halperin (A is possible to fit the general s model. In order to accomplis value for the normal state rem istance. This was dic shown here as an activatio those extracted from the 3A. Fig. 4 The qual over the full non-uniform these deficiencies aside, we can extract values for I, (B,T) which are related to the activation energies extracted from the R vs. T data using U(H)=hIJe(l-t)kg. We get the results which are shown in Fig. 5 . Given the uncertainties in extracting I, from the E-J curves, it is very surprising that we get such good agreement for the activation energy extracted in two different ways. Furthermore, the form of the data is very similar to results shown recently for the field dependence of the activation energy for a Nb-AIOx-Nb junction, where the coherent area of the Josephson junction is not the physical dimension, but a field dependent area, which at large fields is The p vs. lOO/T curves shown in Fig. 4A may be fit at the low dissipation end with an activation energy which has a temperture dependence of U(T)-(1-g2 as stated earlier. This is consistent with results for polycrystalline T1-2212 [ 101. The field dependence of the activation energies extracted in this manner can be summarized as U-B-0.9. This is very close to that measured for Y-123 with HAGB at large fields. We do not put much emphasis on this similarity since the orientation of the grain boundary with respect to the applied field, is not similar in the two systems.
In Fig. 4B , the E-J curves for the single thallium layer compound T1-1223 shows only a region with "negative curvature" when viewed on a log-log plot. We have also noted a similar behavior in T1-2212 polycrystalline films. In contrast, epitaxial TI-2212 films have shown positive curvature in the same region of parameter space. Therefore, we believe this behavior is a result of the grain boundaries. Similar curvature is also observed for the Y-123 E-J curve at lower temperatures. This supports our assertion that the curvature is a result of the grain boundary properties.
superconducting properties of HAGB. The field independent region is a result of the strong superconducting properties of the remaining low-angle grain boundaries as well as substantial pinning in the intragranular materials. Both types of grain boundaries could be observed in Fig. 2 . This explanation is further supported by the magnetization hysteresis measurements. After magnetic flux has reached the center of the sample, the hysteresis collapses very quickly as the applied field increases eventually reaching a relatively field independent region. Subdividing the sample into four sections and measuring the magnetic hysteresis again shows reasonable scaling at small fields and very little change in the high field hysteresis, even at 10 K.
V. CONCLUSIONS
We have found agreement of activation energies attained from two independent transport measurements for a Y-123 containing a series of very similar [lo01 tilt grain boundaries. This indicates that the dissipation and the shape of the E-J characteristic is dominated by grain boundaries in a polycrystalline material. This is assumed to be the origin of the negative curvature in polycrystalline T1-1223. Further work is required to isolate individual grain boundaries in order to determine specific detrimental structures.
